orphine is the most commonly used opioid analgesic, and while extremely effective in relieving moderate to severe acute pain, it produces a number of well-characterized, undesirable side effects that include respiratory depression, sedation, dysphoria, decreased gastric motility, nausea, and vomiting. These analgesic and unwanted actions of morphine are mediated predominately by -opioid receptors. Some clinical reports indicate that large doses of morphine and other opioid analgesics may produce altered pain behaviors such as hyperalgesia and allodynia, as well as motor excitation and seizures. The prevalence of these symptoms in patients treated with even large doses of morphine is not well established, and has not been systematically studied. Estimates from clinical reports range from Ͻ1% (1,2) to at least 25% (3). The molecular basis for opioid-induced neuroexcitation in humans is not established, but in animals large doses of various opioids can produce excitation and seizures via both opioid receptor-dependent and independent mechanisms (4 -6). -Opioid receptor-mediated disinhibition of neuronal subpopulations through suppression of gamma-aminobutyric acid (GABA) release is commonly observed throughout the brain and spinal cord (7, 8) and probably accounts for the opioid receptor-mediated excitatory effects of -opioids. The nonopioid receptor-mediated excitation produced by opioid alkaloids may be mediated via a similar mechanism, because these compounds are low-affinity antagonists of postsynaptic ionotropic glycine and GABA receptors (9,10).
M
orphine is the most commonly used opioid analgesic, and while extremely effective in relieving moderate to severe acute pain, it produces a number of well-characterized, undesirable side effects that include respiratory depression, sedation, dysphoria, decreased gastric motility, nausea, and vomiting. These analgesic and unwanted actions of morphine are mediated predominately by -opioid receptors. Some clinical reports indicate that large doses of morphine and other opioid analgesics may produce altered pain behaviors such as hyperalgesia and allodynia, as well as motor excitation and seizures. The prevalence of these symptoms in patients treated with even large doses of morphine is not well established, and has not been systematically studied. Estimates from clinical reports range from Ͻ1% (1,2) to at least 25% (3). The molecular basis for opioid-induced neuroexcitation in humans is not established, but in animals large doses of various opioids can produce excitation and seizures via both opioid receptor-dependent and independent mechanisms (4 -6). -Opioid receptor-mediated disinhibition of neuronal subpopulations through suppression of gamma-aminobutyric acid (GABA) release is commonly observed throughout the brain and spinal cord (7, 8) and probably accounts for the opioid receptor-mediated excitatory effects of -opioids. The nonopioid receptor-mediated excitation produced by opioid alkaloids may be mediated via a similar mechanism, because these compounds are low-affinity antagonists of postsynaptic ionotropic glycine and GABA receptors (9, 10) .
In humans, morphine is metabolized predominantly into morphine-3-glucuronide (M3G) and to a lesser extent into morphine-6-glucuronide (M6G). Relatively large cerebrospinal fluid (CSF) concentrations of M3G and M6G may occur in patients who are treated with chronic, large doses of morphine (11) . Like morphine, M6G is an agonist at -opioid receptors and presumably acts there to produce analgesia. In contrast, M3G does not have significant affinity for any opioid receptor (12) and has generally been considered to be an inactive metabolite. However, some investigators have reported excitatory effects of M3G, including seizures, after injection into the central nervous system of animals (13, 14) . The putative neuroexcitation produced by M3G has been proposed not only to underlie frank toxicity associated with morphine, but also to contribute to the development of tolerance to the analgesic effects of morphine, by functionally opposing the actions of morphine (15, 16) . However, other animal studies have not been able to demonstrate M3G-induced reductions in morphine analgesia (17, 18) , and no molecular mechanism for the actions of M3G has been identified. Furthermore, small-scale clinical trials in healthy humans have reported no toxic or other significant effects with acute plasma concentrations of M3G up to about 5 M and no interference by M3G with the analgesia produced by either morphine or M6G (19, 20) .
Smith et al. (21, 22) have been strong proponents of the hypothesis that M3G (and other glucuronide metabolites of alkaloid opioids) is a major cause of the toxicity and tolerance associated with large-dose morphine. They have previously documented the excitatory effects produced by large-dose morphine or M3G injection in rats and have contributed to excluding several sites of action of M3G, including the -opioid receptor (13) . The study by Hemstapat et al. (23) in the current issue of Anesthesia & Analgesia examines the effect of M3G on calcium oscillations in an in vitro preparation of cultured embryonic rat hippocampal neurons. They report that large concentrations of M3G (5-500 M) produce an increase in calcium oscillations in the neurons, which is largely unaffected by the opioid antagonist naloxone. Interestingly, these results are similar to a previous study that found that the -opioid agonist DAMGO produced similar oscillations in intracellular calcium concentration, as well as neuronal excitation in a similar preparation (24) . These two studies indicate that activation of the -opioid receptor as well as an unidentified M3G "receptor" can produce similar excitation/calcium oscillations in rat hippocampal cultures.
A number of agents may produce perturbations in neuronal networks, leading to excitatory or oscillatory activity. The excitatory effects of M3G (23) and DAMGO (24) in the two studies appear to be mediated by similar cellular substrates, being abolished by voltagedependent sodium and calcium channel blockers. Functionally, these blockers will act to reduce transmitter release evoked by "active upstream" neuronal circuits. If significant, the observed effects of M3G could be due to modulation of the cell bodies and/or terminals of "upstream" hippocampal neurons: including activation of glutamatergeric excitatory networks or inhibition of GABA-ergic inhibitory networks (disinhibition). While there are few studies examining the cellular actions of M3G, the recent demonstration that M3G suppresses inhibitory, but not excitatory, neurotransmission by a naloxone insensitive presynaptic mechanism in the rat spinal cord suggests a potentially similar disinhibitory role for M3G (25) .
The observations of Hempstapat et al. provide the basis for further investigation of the cellular actions of M3G but do not provide any further insight into the molecular mechanism of action of M3G or the possible link between M3G and morphine-related neuroexcitation. The receptor at which M3G acts remains unknown, as do the cellular/network mechanisms, which mediate M3G neuroexcitation. The relevance of the effects of M3G in a rat hippocampal culture preparation to potential neuroexcitatory effects in the clinical setting are also uncertain, particularly given the large M3G concentrations required to produce the excitatory effects, which are considerably larger than the CSF M3G concentrations apparently found in most patients on chronic morphine therapy (Ͻ1 M, 11,26). Comparatively, morphine distributes into the CSF from the plasma better than either metabolite, and reported CSF concentrations range between approximately 30 and 300 nM (11, 26) . If a role for M3G in opioid neuroexcitation is to be established, then a precise cellular mechanism of action of M3G will need to be found, and the relationship of this to opioid receptor-dependent excitatory effects of morphine defined.
